We analyze the physical (reduced) space of non-local theories, around the fixed points of these systems, by analyzing: i) the Hamiltonian constraints appearing in the 1+1 formulation of those theories, ii) the symplectic two form in the surface on constraints. P-adic string theory for spatially homogeneous configurations has two fixed points. The physical phase space around q = 0 is trivial, instead around q = 1 g is infinite dimensional. For the special case of the rolling tachyon solutions it is an infinite dimensional lagrangian submanifold. In the case of string field theory, at lowest truncation level, the physical phase space of spatially homogeneous configurations is two dimensional around q = 0, which is the relevant case for the rolling tachyon solutions, and infinite dimensional around q = M 2 g .
1 g is infinite dimensional. For the special case of the rolling tachyon solutions it is an infinite dimensional lagrangian submanifold. In the case of string field theory, at lowest truncation level, the physical phase space of spatially homogeneous configurations is two dimensional around q = 0, which is the relevant case for the rolling tachyon solutions, and infinite dimensional around q =
Introduction
Recently it has been a lot of interest to study open string tachyon condensation. There are several approaches to study this problem like string field theory, p-adic string theory, boundary conformal field theory, Born-Infeld effective theory, noncritical string theory, matrix models, see for example [1] , [2] , [3] , [4] , [5] , [6] , [7] , [8] , [9] , [10] . In ref [4] the rolling of the tachyon has been analyzed by constructing a classical time dependent spatially homogeneous solution of p-adic string theory (p-adic particle). This solution has oscillations with time and ever-growing amplitude φ(t) = n a n e nt . Since the string field theory [11] and the p-adic string theory [12] are non-local theories 1 the construction of solutions and the initial value problem, which is related to the dimension of the physical (reduced) phase space, are non-trivial issues to be studied 2 .
In this paper, motivated by these problems, we present a general method to analyze reduced phase space of non-local theories. The method is based in the 1+1 dimensional Hamiltonian formalism of non-local theories [15] , [16] . The formalism consists of a two dimensional field theory Hamiltonian and two sets of phase space constraints, momentum and Euler Lagrange (EL) constraints. Note that in this framework the Euler Lagrange equation of motion appears as a Hamiltonian constraint. The reduced phase space is constructed by analyzing the first or second class character of these constraints. The analysis is analogous to the construction of the physical phase space of gauge theories. As we will see there are two types of reduced phase spaces around any fixed point that we call perturbative and nonperturbative. In the first case we solve the second class constraints in a smooth way for g → 0, where g is a coupling constant of the non-local theory, and in the second case we solve non-perturbatively the second class constraints.
An alternative way to analyze the structure of the reduced phase space consists in computing the infinite dimensional symplectic two form in the surface defined by the momentum and EL constraints, around the fixed points. We apply these techniques to the cases of an harmonic oscillator with a non-local interaction [13] , [15] , p-adic string theory and string field theory.
In the case of smooth spatially homogeneous configurations of p-adic string theory, we will see that the perturbative physical (reduced) phase space around the trivial fixed point q = 0 is zero dimensional, where all the coordinates and momenta vanish ( fig.1 ). There are not mode excitations around the minimum. For the fixed point q = 1 g the perturbative reduced phase space is infinite dimensional. The unstable and stable manifold of this non-trivial fixed point is a lagrangian submanifold of infinite dimensions, where the symplectic form vanishes. This implies that the manifold of solutions relevant for the rolling tachyon, unstable submanifold, is infinite dimensional without a phase space structure.
We will also analyze the zero-th level truncation of string field theory, in this case the perturbative reduced phase space around q = 0 is two dimensional ( fig.2 ). This implies that the space of solutions relevant for the rolling tachyon is two dimensional. Note the difference with the p-adic case. The perturbative phase around the fixed point q = M 2 g is infinite dimensional. This implies that there are infinite excitation modes around this minimum. The unstable and stable manifold of this non-trivial fixed point is a lagrangian submanifold of infinite dimension where the symplectic form vanishes. For the non-local harmonic oscillator around the only one fixed point q = 0 we found that the phase space is two dimensional perturbatively and four dimensional non-perturbatively. In these cases we will compute the energy for the set of solutions verifying the EL equations.
In section 2 a brief review of the 1+1 dimensional Hamiltonian formalism for non-local theories is introduced. In section 3 we apply it to a non-local harmonic oscillator and show how the infinite dimensional phase space is reduced using the constraints. In sections 4 and 5 we discuss the p-adic and string field theories. Discussions will be in the last section.
1+1 Dimensional Formalism of Non-local Theories
Ordinary local Lagrangians depend on a finite number of derivatives at a given time, it is
Now, we can consider a Lagrangian depending on a piece of the trajectory q(t + λ), ∀λ belonging to an interval [a, b] , where a and b are real numbers
This is how we obtain a non-local Lagrangian , that we denoted by L non (t). For sufficiently smooth trajectories we can expand q(t + λ) to all powers in λ. In this case, this Lagrangian can be written as a function of all time derivatives
This equation should be understood as a functional relation to be satisfied by physical trajectories, i.e., a Lagrangian constraint. It defines a subspace J R of physical trajectories
in the space of all possible trajectories J. There is no dynamics except the displacement inside the trajectory
The 1 + 1 dimensional formalism of non-local Lagrangians [15] , [16] is based in considering a field Q(t, λ), instead of trajectory q(t), with the restrictioṅ
Q(t, λ). Equation (2.6) implies Q(t, λ) = F (t + λ), we further assume F (t) = q(t). The Hamiltonian is given by
where P (t, λ) is the canonical momentum of Q(t, λ). The phase space is thus T * J with the Poisson brackets
The symplectic two form Ω is given by
The "Lagrangian density" L(t, λ) is constructed from the original non-local Lagrangian L non (t) by replacing q(t) by Q(t, λ), t-derivatives of q(t) by λ-derivatives of Q(t, λ) and q(t + ρ) by Q(t, λ + ρ).
There are two sets of constraints in the formalism. One is associated with the definition of the momentum P (t, λ), which for a non-local theory becomes a Hamiltonian constraint (momentum constraint)
where E(t; σ, λ) and χ(λ, −σ) are defined by
The other is equivalent to the Euler Lagrange equation, (EL constraint), explicitly
In fact if we use (2.6), ψ ≈ 0 implies the EL equation of the original non-local Lagrangian L non (t). The momenta constraint is stable by using the EL constraints (2.12). The stability of the EL constraints is guaranteed by itself,
Therefore the Hamiltonian (2.7), the momentum constraint (2.10) and the EL constraint (2.12) form a consistent Hamiltonian system [17] . It is local with respect to the "time" t although it appears non-locality with respect to the "space" λ. The momentum constraint (2.10) and the EL constraint (2.12) define a surface Σ * in the T * J.
In order to analyze the reduced phase space for smooth trajectories, it is convenient to make an expansion of the coordinate and momentum as
where e m (λ) and e m (λ) are ortho-normal basis
The Poisson brackets for the variables q m , p n are given by
The symplectic two form (2.9) is given by
The Hamiltonian (2.7) can be written as
One of the Hamilton's equation implies
The momentum constraint ϕ(t, λ) can be expanded in terms of e m (λ) as (2.20) and the EL constraint ψ(t, λ) can be expanded by e m (λ) as
Our formalism applied to local Lagrangians depending on finite number of time derivatives reproduces the Ostrogradski formalism [14] .
Reduced phase space
In order to examine the reduced phase space and find the physical degrees of freedom, it is crucial to analyze the first and second class character of the constraints, the rank of the matrix of the Poisson brackets 
around the trivial and non-trivial fixed points. The unphysical degrees of freedom are eliminated by solving the second class constraints and using the associated Dirac brackets. We can also write the Hamiltonian in the reduced phase space. This procedure is analogous to the construction of the physical phase space of gauge theories. In this case one introduces gauge fixing constraints in such a way to convert the first class constraints, associated to gauge invariances, to second class constraints. The gauge degrees of freedom are eliminated by solving the second class constraints.
When a non-local theory under investigation contains an infinite number of second class constraints, the dimension of the physical phase space might be reduced to be finite dimensional. This implies that with a suitable choice of variables the system would be described in terms of a local theory.
An alternative way to see the physical degrees of freedom is to compute the symplectic form, (2.9) or (2.18), in the surface Σ * defined by the constraints (2.20) and (2.21).
Non-local harmonic oscillator
Let us analyze an harmonic oscillator with a non-local interaction [13] , [15] . We will compute the perturbative and the non-perturbative phase space for this model around the unique fixed point q = 0. In both cases the dimension of the reduced phase space is finite dimensional.
The Lagrangian of the non-local harmonic oscillator is given by
and the Hamiltonian (2.7) is
The momentum constraint (2.10) in the basis (2.20) implies the constraints
The EL constraint (2.12) is
in the basis (2.21) it implies
.e the constraints ψ m preserve their form in time. The EL constraint (3.5) with the Hamilton's equation, (2.6),Q = Q ′ , i.e., q(t + λ) ≡ Q(t, λ) reproduces the EL equation of the non-local action (3.1),
Simple Harmonic Oscillator
When the coupling constant g vanishes this system is an ordinary harmonic oscillator. The constraints (3.4) and (3.6) are
They are second class constraints and are paired as
to eliminate the canonical pair (q 1 , p 1 ). Analogously,
are paired to eliminate the canonical pairs (q m+2 , p m+2 ) for m + 2 ≥ 2. As a result, all canonical pairs (q m , p m ) with m ≥ 1 are expressed in terms of the canonical pair (q 0 , p 0 ). The Dirac bracket in the reduced phase space of (q 0 , p 0 ) coincides with the Poisson bracket, since the sets of the second class constraints (3.10) and (3.11) have the standard forms 3 . The Hamiltonian H * in the reduced space Σ * becomes the one of an ordinary harmonic oscillator
The dimension of the reduced phase space is 2 ( one canonical pair ) as was expected.
3 When a set of second class constraints has the form {p = 0, q = f (q, p)} the canonical pair (p, q) is expressed in terms of the remaining variables (p, q). The Dirac bracket is defined by
The values of Dirac bracket of (q, p) are same as those of the Poisson bracket. We refer them as a standard form of second class constraints. {q = 0, p = g(q, p)} is also the standard form of second class constraints.
Perturbative Pairing
When the coupling constant g is small and the perturbative treatment is allowed the physical degrees of freedom of the system are same as in the g = 0 case. This is because all constraints remain in the second class and we can make the same pairing of constraints as in the free case. To show it explicitly we should rewrite the constraints in the standard form.
The EL constraints (3.6) are expressed using by themselves iteratively as
where
(3.14)
The two k's given from (3.14) are solutions of the characteristic equation associated with the EL equation, (3.7),
The other two solutions of (3.15) can not be obtained by iteration in g. (See next subsection.) Instead of working with the momentum constraints (3.4) it is more convenient to introduce the following combinations
In order to rewrite the constraints in the standard form we perform a canonical transformation generated by
which gives
In terms of the new canonical variables we have
The constraints (3.19) are used to eliminate canonical pairs (
Thus the reduced phase space has dimension 2 and the Hamiltonian is
In the reduced space we have an ordinary harmonic oscillator with the frequency k,
and mass
Non Perturbative Pairing
If the coupling constant is not small there is another possible pairing for the constraints (3.4) and (3.6).
Let us consider a canonical transformation generated by
It makes ( j=1,odd q j ) and ( j=2,even q j ) to be new coordinates,
In terms of new variables the constraints (3.4) and (3.6) are
The Hamiltonian (3.3) becomes
There are two inequivalent pairings:
it is the perturbative pairing discussed in the previous subsection.
ii),
It is a non-perturbative paring because it requires an inverse power of g. ϕ 1 and ϕ 2 are paired to eliminate ( q 2 , p 2 ) as
ϕ 0 and ϕ 3 are paired to eliminate ( q 3 , p 3 ) as
Other constraints, (ϕ ℓ+4 , ψ ℓ ), (ℓ ≥ 0), are used to solve ( q j , p j ), (j ≥ 4). Thus the reduced phase space is spanned by ( q j , p j ), (j = 0, 1) and is 4 dimensional.
The Hamiltonian in the reduced space is
The non-vanishing Dirac brackets for ( q 0 , q 1 , p 0 , p 1 ) are given by { q 0 , p 0 } * = { q 1 , p 1 } * = 1. Further canonical transformation shows it is a system of two harmonic oscillators
The frequencies k Summing up, the reduced perturbative phase space around q = 0 is two dimensional, which is the same dimension as the free theory. Instead the non-perturbative one is four dimensional. Notice that in both cases there is an infinite dimensional reduction of the original degrees of freedom.
4. P-adic particle P-adic string theory [12] has been used as a toy model to study tachyon condensation. For spatially homogeneous configurations (p-adic particle) the rolling of the tachyon has been analyzed by constructing a classical time dependent solution . This solution has oscillations in time with ever-growing amplitude φ(t) = n a n e nt [4] . Here we will analyze the reduced phase space of the p-adic particle.
The action for the p-adic particle is
and p is a prime number. The Euler-Lagrange equation is
In the following we examine the p = 2 system. After rescaling the Lagrangian density, L(t, λ) can be defined by
3)
and the momentum constraint (2.10) becomes
where we have used,
The Hamiltonian of this system is
In the basis (e n (λ), e n (λ)), (2.15), the constraints and the Hamiltonian are
is the combinatorial coefficient. Note that ψ m preserves its form in time.
Free p-adic particle
We first consider the case of free action. When g = 0 the EL constraints (4.8) can be recombined as
The momentum constraints (4.9) are also simplified by making combinations with the EL constraints
The constraints ( ϕ m , ψ m ) = (p m , q m ) are second class. All canonical variables (q m , p m ) vanish in the reduced phase space and therefore the reduced phase space is 0-dimensional. The Hamiltonian of this system (4.10) vanishes in the physical phase space.
Perturbative Pairing
We consider the reduced phase space around the fixed point q = 0. If we make the same combinations of constraints as (4.11) and (4.12)
The only possible forms of the constraints obtained by iterations are
Therefore the system has zero degrees of freedom and zero Hamiltonian as in the free p-adic particle. Obviously the symplectic two form (2.18) vanishes. It means that at the local minimum q = 0 there is no non-trivial solution. That is there is no excitation modes at the local minimum (tachyonic vacuum).
Physical space around the fixed point
The EL constraints (4.13) have non-perturbative fixed point as well. In order to see it we return to (4.4) and note that it has a constant solution q = 1 g in addition to the q = 0 solution. We introduce new canonical variables as
In terms of new variables the constraints are
As we have separated the g −1 term, q 0 and q j 's are expected to be regular in g → 0 and they can be determined iteratively. In matrix form the EL constraints (4.17) are
In this case to find the pairing among the ψ constraints and ϕ constraints is not obvious. Here we are going to use another method that consists in solving the ψ constraints 4 . Lets us indicate by D the matrix appearing in the equation (4.20) and (4.21). The matrix D has unit determinant 5 and has a "formal inverse",
... where c n 's are generated by
The infinite matrix D has an infinite number of eigen-vectors. In fact we have 
... ... 0 0 1
4 To see the procedure in the simple case of the harmonic oscillator see the appendix 5 We have assumed a regularization of
... 0 1
... 0 0 1
where the functions A r (t), appearing as coefficients of the null vectors, should satisfẏ
in order the constraints preserve their forms, (4.28) and (4.29), in time.
By iterations in g, q j can be obtained in terms of the A r (t) 6 , 
Solutions with infinite number of parameters have also been found by Schnabl, Sen and Zwiebach [18] 7 . A solution with A 1 , A 1 * = 0 is given by 6 Special care must be paid in g 2 term when two κ's cancel in κ j + κ k + κ ℓ since the denominator (e (κj +κ k +κ ℓ ) 2 − 2) vanishes. 7 We are grateful to Martin Schnabl for discussions.
The momentum constraints (4.18) can be also solved and given by
Since we have the solutions of the coordinates q m and momenta p m in terms of infinite arbitrary constants A r we could compute the symplectic two form (2.18) in terms of these constants. At lowest order in g
In the last sum terms with κ 
where only κ s + κ r = 0 terms remain non-vanishing. Similarly if we use the same formula in the Hamiltonian it becomes , at lowest order in g ,
The forms of the symplectic two form Ω (4.36) and the Hamiltonian H (4.37) show that the p-adic particle has an infinite dimensional physical phase space around the fixed point . So far we are assuming q(t) to be any sufficiently smooth functions. In the discussions of tachyon condensation we are interested in the field q(t) which start from the local maximum q(t) = is a infinite lagrangian submanifold of T * J. The manifold of solutions relevant for the rolling tachyon, unstable submanifold, is infinite dimensional without a phase space structure. See fig. 1 for a summary of these results.
String Field theory
In order to study the rolling of tachyon we need to know the potential. The natural framework to compute it in string theory is the string field theory. The level truncation is an approximation scheme [19] to compute the potential. For the lowest level truncation approximation and for spatially homogeneous configurations the action is given by
The Euler-Lagrange equation is
The associated Lagrangian density L(t, λ) is
the momentum constraint (2.10) is
In the basis (2.14) the constraints are given by 
The Hamiltonian (5.6) is
Perturbative case
When the coupling constant g is zero , the system becomes that of the simple harmonic oscillator, with negative ω 2 (ω 2 = −M 2 ), discussed in the subsection 3.2. The phase space around the fixed point q = 0 is described by (q 0 , p 0 ) and is two dimensional.
If we use the perturbative expansion all the constraints remain in the second class. Then the degrees of freedom will not change and the dimension is equal to 2 [13] [15] . q = 0 is unstable local maximum. The above 2 degrees of freedom are unstable modes
The EL constraints are used iteratively to find solutions in terms of two constants a ±1 . 8 The symplectic two form and the Hamiltonian for this case are
12)
The a 1 mode describes rolling solution satisfying q(−∞) = 0. Under this boundary condition Q(λ) is given in a similar form as in the p-adic particle [4] 
where a n is determined in terms of a 1 by the recursive relation
Note that the stable and unstable lagrangian submanifold of the fixed point q = 0 are both one dimensional.
Physical space around
We are interested in solving the non-linear constraint of the tachyon particle (5.5). It has two constant solutions, q = 0 and q = M 2 g
. The first one is corresponding to the perturbative case of the last subsection. Here we examine the perturbation around the second solution.
New canonical coordinates are introduced as
In terms of these variables the constraints are
A numerical analysis of time dependent solutions of string field theory with one arbitrary function was given by Fujita and Hata [6] .
The momentum constraints (5.7) are where A r (t)'s are arbitrary functions of time and κ r 's are infinite number of solutions of
There are infinite number of complex quartet solutions ]) ≈ 0.916. In a power series on g the solutions of the EL constraints are given by
where The EL constraints can be solved as
where the functions A r (t) satisfyȦ r (t) = κ r A r (t) (5.25) as in the p-adic case. The momentum constraints are solved (5.24) is given by
Since we have the solutions of the coordinates q m and momenta p m in terms of infinite arbitrary constants A r we can compute the symplectic two form (2.18) in terms of these constants. The computation is similar to the p-adic particle case and at lowest order in g Ω = m dq m ∧ dp m The forms of the symplectic two form Ω (5.27) and the Hamiltonian H (5.29) show that this is an infinite dimensional system. This implies that there are infinite continuous excitations around the tachyon vacuum. So far we are assuming q(t) to be any sufficiently smooth functions. If we are interested in the field q(t) which approaches to the tachyonic vacuum at t = +∞. It restricts the modes with Re(κ r ) < 0. 6g 2 , asymptotic value of energy at t = +∞. (They are shown to be valid up to g 2 .) They show that the system of p-adic particle with the boundary condition is an infinite dimensional lagrangian submanifold.
The rolling solution is q = 0 at t = −∞ and it is expected to pass through q = 6g 2 . Since we have a conservation of energy within our model this is not possible, it means that the tachyon will not stop at the minimum but it will oscillate as in the p-adic case. See fig. 2 for a summary of string field theory results.
Discussions
We have shown how the 1+1 dimensional Hamiltonian formulation of non-local theories is a valuable tool to construct the physical reduced phase space of a nonlocal theory. The idea is similar to the construction of the physical phase space of gauge theories.
We have shown that there are two possible physical phase spaces, perturbative and non-perturbative around fixed points, these dimensions do not coincide in general. In particular for the case of the p-adic particle around the fixed point q = 0 the physical space is zero dimensional at perturbative level. No excitations modes around this tachyon vacuum. For the fixed point q = 1 g the perturbative phase space is infinite dimensional. The solutions contain an infinite number of constants with a non-vanishing symplectic structure. Instead for the rolling type solutions the physical space is infinite dimensional lagrangian submanifold.
In the case of string field theory at lowest truncation level the perturbative phase space around q = 0 is two dimensional, which coincides with the dimension of the free theory, and for the non-trivial fixed point
is perturbatively infinite dimensional. There are continuous excitations around the tachyon vacuum. Note the difference between the p-adic and string field theory cases.
All phase space variables (q m , p m ) are described in terms of (A, A * ). Note the Hamiltonian (A.1), using the expressions (A.6) and (A.8), becomes
The symplectic two form Ω of this system is Ω = m=0 dp m ∧ dq m = 2iω dA * ∧ dA.
(A.10)
They show (A, A * ) plays a role of the canonical pair with dimension two.
